The transcriptional regulator lola is required for stem cell maintenance and germ cell differentiation in the Drosophila testis  by Davies, Erin L. et al.
Developmental Biology 373 (2013) 310–321Contents lists available at SciVerse ScienceDirectDevelopmental Biology0012-16
http://d
n Corr
Univers
CA 9430
E-m
1 Pr
Kansasjournal homepage: www.elsevier.com/locate/developmentalbiologyThe transcriptional regulator lola is required for stem cell maintenance
and germ cell differentiation in the Drosophila testisErin L. Davies a,1, Jaclyn G.Y. Lim a, William J. Joo a, Cheuk Ho Tama, Margaret T. Fuller a,b,n
a Department of Developmental Biology, Stanford University School of Medicine, 279 Campus Drive, Beckman Center B300, Stanford, CA 94305-5329, USA
b Department of Genetics, Mail Stop-5120, Stanford University, Stanford, California 94305-5120, USAa r t i c l e i n f o
Article history:
Received 11 June 2012
Received in revised form
28 October 2012
Accepted 5 November 2012
Available online 15 November 2012
Keywords:
Drosophila
Spermatogenesis
Germline stem cell
Spermatogonia
Spermatocyte
Transcription06/$ - see front matter & 2012 Published by
x.doi.org/10.1016/j.ydbio.2012.11.004
esponding author at: Department of Deve
ity School of Medicine, 279 Campus Drive, Bec
5-5329, USA. Fax: þ1 650 725 7739.
ail address: mtfuller@stanford.edu (M.T. Fulle
esent address: Stowers Institute for Medical R
City, MO 64110, USA.a b s t r a c t
Stem cell behavior is regulated by extrinsic signals from specialized microenvironments, or niches, and
intrinsic factors required for execution of context-appropriate responses to niche signals. Here we show
that function of the transcriptional regulator longitudinals lacking (lola) is required cell autonomously
for germline stem cell and somatic cyst stem cell maintenance in the Drosophila testis. In addition, lola
is also required for proper execution of key developmental transitions during male germ cell
differentiation, including the switch from transit amplifying progenitor to spermatocyte growth and
differentiation, as well as meiotic cell cycle progression and spermiogenesis. Different lola isoforms,
each having unique C-termini and zinc ﬁnger domains, may control different aspects of proliferation
and differentiation in the male germline and somatic cyst stem cell lineages.
& 2012 Published by Elsevier Inc.Introduction
Adult stem cells self-renew and produce differentiated pro-
geny that replenish and repair tissues throughout life. Stem cell
behavior is inﬂuenced by extracellular signals produced in spe-
cialized microenvironments, or niches. Although niche signals are
beginning to be identiﬁed in a variety of adult stem cell systems,
the intrinsic factors, including transcription and chromatin reg-
ulators, that enable stem cells and their descendants to interpret
and respond appropriately to niche signals remain largely
unknown. Drosophila spermatogenesis has emerged as a model
system for genetic analysis of the mechanisms that program self-
renewal and maintenance of adult stem cells, as well as prolifera-
tion and differentiation of their progeny (Fig. 1A). Two adult stem
cell populations, germline stem cells (GSCs) and somatic cyst
stem cells (CySCs), reside at the apical tip of the testis, attached to
a plug of somatic support cells called the hub. Spermatogenesis
initiates with the oriented division of a GSC, normally producing
one daughter cell that maintains contact with the hub and
self-renews stem cell identity and a second daughter cell, theElsevier Inc.
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r).
esearch, 1000 E. 50th Street,gonialblast (Gb), which exits the niche and initiates spermatogo-
nial differentiation. CySCs self-renew and give rise to post-mitotic
somatic cyst cells (Gonczy and DiNardo, 1996), two of which
encapsulate each nascent Gb to form a cyst.
Several key cell state transitions occur during differentiation in
the male germline stem cell lineage. The encapsulated Gb under-
goes spermatogonial mitotic ampliﬁcation divisions with incom-
plete cytokinesis to form a cyst of 16 interconnected germ cells,
which subsequently adopts spermatocyte fate. Spermatocytes
enter meiotic S phase, grow in size, silence many transcripts
expressed in transit amplifying cells, and express transcripts
required for the meiotic divisions and spermatid differentiation
(reviewed in Fuller, 1993). Upon completion of the meiotic
divisions, the resultant 64 haploid spermatids undergo a dramatic
series of morphological changes to form mature sperm. Spermio-
genesis is largely driven by transcripts expressed in spermato-
cytes under the control of the testis TAFs (tTAFs), paralogs of the
TFIID transcription complex, and the tMAC complex, a spermato-
cyte speciﬁc version of the chromatin regulatory complex,
Mip/DREAM (Hiller et al., 2001, 2004; White-Cooper et al., 2000).
An outstanding challenge is to identify the intrinsic regulatory
factors that control self-renewal and differentiation in stem cell
lineages. Here we report that lola is required cell autonomously
for stem cell maintenance, a timely transition from the sperma-
togonial division program to the spermatocyte cell growth and
gene expression program, and progression through the meiotic
divisions in the Drosophila testis. The lola locus encodes a family
Fig. 1. lola encodes a family of BTB-Zf transcriptional regulators expressed in germline and somatic cells in the testis: (A) Diagram of Drosophila spermatogenesis. Green:
GSC lineage. Gray: CySC lineage. Asterisks: CySCs. Black: hub. Gb: gonialblast, encysted by two cyst cells (gray). Primary spermatocytes: large germ cells with prominent
nucleoli (dark dots in nuclei). For simplicity, the division products of one spermatocyte are shown. (B) Lola protein isoforms A–T (N termini at left). Gray: Common
N-terminus with BTB domain. Colored: Alternately spliced C-terminal exons. White bars: zinc ﬁnger motifs. C2HC-C2H2 zinc ﬁngers motifs: B, C, D, F, H, J, K, L, O, P, Q, R, T.
C2HC-C2HC zinc ﬁnger motifs: I and N. C2H2 motif: E, S. Isoforms A, G and M do not have predicted zinc ﬁnger domains. (C) Wildtype testis stained with pan Lola antibody.
Red: Lola. Green: nos-Gal4, UAS-tubulin-GFP. Blue: DAPI. Dotted outline: hub. Asterisks: GSCs. Red arrowhead: spermatogonia. Yellow arrowhead: CySC. Arrow: Cyst cell.
Scale bar: 20 mm. (D) lolaORE76 mosaic testis at 2 days post clone induction stained with pan Lola antibody. Red: Lola. Green: Ubi-nls-GFP (clonal marker). Yellow outline:
homozygous mutant lolaORE76 GSC. Red outline: hub. Asterisks: GSCs. Arrowheads: CySC nuclei. Arrow: spermatogonia. Scale bar: 15 mm.
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through T (Goeke et al., 2003), which share a common N-
terminal domain containing a Broad complex, Tramtrack, Bric-a-
Brac (BTB) protein dimerization motif that is alternately spliced to
unique C-terminal exon(s), many of which contain zinc ﬁnger
domains (Goeke et al., 2003; Horiuchi et al., 2003) (Ohsako et al.,
2003; Tweedie et al., 2009) (Fig. 1B). Thirteen lola isoforms have a
C-terminal domain with a tandem C2HC-C2H2 zinc ﬁnger motif,
two have a tandem C2HC-C2HC motif, and two have a single
C2H2 zinc ﬁnger motif (Goeke et al., 2003). Homo- and hetero-
dimeric pairings amongst Lola isoforms are likely, since the Lola
N-terminus formed homodimers in yeast two hybrid assays (Giot
et al., 2003), and Lola-F was shown to complex with at least two
different Lola isoforms in embryo extracts (Zhang et al., 2003).
In addition, Lola isoforms may pair with other BTB-ZF proteins
(Stogios et al., 2005). Analysis of isoform-speciﬁc, loss-of-function
alleles and RNAi knock-downs suggest stage and cell type
speciﬁc requirements for lola-B, K, L, N and P isoforms during
spermatogenesis.Materials and methods
Fly stocks and husbandry
Fly stocks were maintained on standard cornmeal-molasses
medium. y,w; FRT42D lolaORE76/Cyo is an EMS allele containing a
stop codon in the BTB domain that is predicted to be protein null
for all lola isoforms (Crowner et al., 2002; Madden et al., 1999;
Spletter et al., 2007). FRT42D P{lacW}lola5D2/Cyo is a severe
hypomorphic allele containing a P-element insertion upstream
of the translational start site that is predicted to affect transcrip-
tion of all lola isoforms (Giniger et al., 1994). y,w; FRT42D lolaORC4/
Cyo is a K-speciﬁc, loss-of-function mutant allele that introduces a
premature stop codon at codon 771, upstream of both K-speciﬁc
zinc ﬁnger motifs (Goeke et al., 2003). y,w; FRT42D lolaORE119/Cyo,
an L-speciﬁc loss-of-function allele, contains a missense mutation
in the linker sequence between the two L-speciﬁc zinc ﬁngers that
converts a conserved proline residue at codon 712 into leucine
(Goeke et al., 2003). The P712L amino acid substitution is
Table 1
Nineteen Lola protein coding variants identiﬁed in Goeke et al. (2003) are listed
with their corresponding Genbank Accession numbers and Flybase isoform
designations.
Lola Isoform designation
(Goeke et al., 2003)
Genbank Accession
number
Flybase isoform
designation
A AB107272 lola-RM
B AB107273 lola-RQ
C AB107274 lola-RL
D AB107275 lola-RA
E AB107276 lola-RZ; lola-RS
F AB107277 lola-RE; lola-RD
H AB107279 lola-RK
I AB107280 lola-RF
J AB107281 lola-RT; lola-RU
K AB107282 lola-RI
L AB107283 lola-RB; lola-RC
M AB107284 lola-RH
N AB107285 lola-RP
O AB107286 lola-RJ
P AB107287 lola-RO
Q AB107288 lola-RW; lola-RN
R AB107289 lola-RY
S AB107290 lola-RX
T AB107291 lola-RR; lola-RG
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partners (Goeke et al., 2003), making lolaORE119 a likely null
mutation speciﬁc for isoform L. UAS-Dcr-2 (stock 60007), UAS-
dsRNA strains complementary to the lola common domain (stocks
12574 and 12573), and lola-B (stock 41415) were obtained from
the VDRC. Genbank accession numbers for different lola protein
coding variants are found in Table 1 (Goeke et al., 2003). sa1 and
sa2 are described in Hiller et al. (2004) and Lin et al. (1996). aly2
and aly5 are described in Lin et al. (1996) and White-Cooper et al.
2000). Alleles used for TGF-ß pathway clonal analysis were
obtained from the Bloomington Stock Center: y w; tkva12FRT40A/
SM6a; w; mad1–2FRT40A/Cyo and w; mad82FRT40A/Cyo. All other
strains were obtained from the Bloomington Stock Center.
Immunoﬂuorescence
Whole mount immunostaining was performed on testes ﬁxed
in 4% formaldehyde in 1 PBS for 20 min at room temperature.
Permeabilization, washes and blocking were performed as
described in Hime et al. (1996). Antibodies were diluted into in
1 PBS with 0.3% BSA and 3% normal goat serum (Jackson
Immunoresearch Inc., West Grove, PA, USA); primary incubations
were conducted overnight at 4 1C, and secondary incubations
were conducted for 90 min at 4 1C. Testes were mounted in
Vectashield with DAPI (Vector Labs Burlingame, CA USA). Primary
antibodies used in this study include: rabbit polyclonal pan anti-
Lola (E. Giniger, NIH, Bethesda, MD, USA, 1:40); rabbit anti-GFP
(Invitrogen A-11122, 1:3000); guinea pig anti-Tj (D. Godt,
University of Toronto, Toronto, Canada, 1:500); mouse anti-Bam
(Developmental Studies Hybridoma Bank (DSHB), 1:10); rabbit
polyclonal anti-STAT92E (D. Montell, Johns Hopkins University,
Baltimore, MD, USA, 1:1000); rabbit polyclonal anti-Zfh1
(R. Lehmann, Skirball Institute, NY, USA, 1:5000). Immunoﬂuore-
sence on squashed testes using methanol/acetone ﬁxation was
performed as described in Chen et al. (2005) using guinea pig
anti-Sa (M. Fuller, Stanford University, Stanford, CA, USA, 1:100).
Alexaﬂuor secondary antibodies (Molecular Probes/Invitrogen)
were used at 1:1000. Measurement of cell cycle timing by
sequential administration of the S-phase analogs EdU and BrdU
was performed according to Insco et al. (2009). Images in Fig. 1Cwere taken using a Zeiss Axioskop; all other images were
acquired using a Leica TCS SP2 AOBS confocal system. Images
were processed using Adobe Photoshop software.
In situ hybridization
DIG-labeled riboprobes and in situ hybridization on wildtype
testes were performed as described in White-Cooper et al. (1998).
Constructs for the lola-K and lola-L riboprobes were a gift from
S. Goeke and E. Giniger, and are described in Goeke et al. (2003).
Mosaic analysis
Clonal analysis experiments were performed using the FLP/FRT
mitotic recombination system (Xu and Rubin, 1993) according to
the protocol described in Kiger et al. (2001) on males with the
following genotypes: control clones wildtype for lola function:
y,w,hs-FLP22; FRT42D, Ubi-GFP/FRT42D. lola null clones: y,w,hs-
FLP22; FRT42D, Ubi-GFP/FRT42D lolaORE76. lola hypomorph clones:
y,w,hs-FLP22; FRT42D, Ubi-GFP/FRT42D lola5D2. lola-K loss-of-
function clones: y,w,hs-FLP22; FRT42D, Ubi-GFP/FRT42D lolaORC4.
lola-L loss-of-function clones: y,w,hs-FLP22; FRT42D, Ubi-GFP/
FRT42D lolaORE119. Mosaic testes costained with antibodies against
GFP and Tj were scored using confocal microscopy at the
indicated time points following clone induction. At least 75 testes
were scored per genotype, per time point. Deﬁnitions for GSC
clones: GFP negative, Tj negative cells directly abutting the hub.
Differentiating germ cell clones: GFP negative, Tj negative germ
cell cysts displaced more than one cell diameter away from the
hub. CySC clones: GFP negative, Tj positive cells up to one cell
diameter away from the hub. Cyst cell clones: GFP negative, Tj
positive cells42 cell diameters from the hub.
Inducible RNAi in early germ cells
Virgin female w, UAS-Dcr-2; nos-Gal4VP16/TM3Sb ﬂies were
crossed to males of the following genotypes: (1) w; UAS-pan lola
RNAi (VDRC 12574); UAS-pan lola RNAi (VDRC 12573), (2) w; UAS-
lola-L RNAi/Cyo; UAS-lola-L RNAi/TM6b, (3) w; UAS-lola-B RNAi,
UAS-lola-B RNAi/Cyo, (4) w; UAS-lola-N RNAi/Cyo; UAS-lola-N RNAi/
TM6b, and (5) w; UAS-lola-P RNAi/Cyo; UAS-lola-P RNAi/TM6b.
Genotypes scored: nos-Gal4 driver alone: w, UAS-Dcr-2; þ /Cyo;
nos-Gal4VP16/TM6b. Hairpin alone controls: w, UAS-Dcr-2; UAS-
lola RNAi/þ; UAS-lola RNAi/þ . lola knock-downs: w, UAS-Dcr-2;
UAS-lola RNAi/þ; UAS-lola RNAi/NG4VP16. Timed lays were per-
formed for 6 h at 25 1C, and progeny were shifted to 30 1C at 24 h
post-lay. Testes from two to three day old adults were analyzed in
live squashes by phase contrast microscopy and were immunos-
tained with anti-Lola and anti-Tj as described above. Counts of the
number of germ cell nuclei in intact cysts of mature spermato-
cytes were performed as described in Insco et al. (2009).
TUNEL staining
TUNEL staining was performed according to the manufac-
turer’s instructions using the In Situ Cell Death Detection Kit,
TMR Red (Roche, Catalog #12 156 792 910).
UAS-lola RNAi transgenic lines
UAS-dsRNA constructs complementary to the isoforms-
speciﬁc exons of lola-B, L, N, and P were subcloned into the pWIZ
vector according to the scheme described in Lee and Carthew
(2003), and transgenic ﬂy lines were created using standard
methods for P-element mediated germline transformation
(Rubin and Spradling, 1982).
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lola B RNAi (S): 50–TTACTCTAGACCAGCAGCGGTGGAAATG–30
lola B RNAi (A): 50–AATGTCTAGACCTTGTGCACATAGTAGTAG–30
lola L RNAi (S): 50–TTACTCTAGATTACGCGTATAGCGGGACTC–30
lola L RNAi (A): 50–TTACTCTAGAGTAGACGCAGAATGGGCACT–30
lola N RNAi (S): 50–TTACTCTAGAGCAAACGGTCACTCAAACTG–30
lola N RNAi (A): 50–AATGTCTAGACAGGTGACGCTTCAGATTG–30
lola P RNAi (S): 50–TTACTCTAGACATCTATCCGATCCTTGGC–30
lola P RNAi (A): 50–AATGTCTAGACGTAGTCCTCGTCATCCTC–30Results and discussion
lola encodes a family of nuclear proteins expressed in germline and
somatic cells throughout the Drosophila testis
Staining of wildtype testes with antibodies raised against the
common N-terminal domain of Lola revealed that Lola
protein(s) were present in early germline and somatic cell nuclei,
including GSCs, CySCs and their differentiating progeny (Fig. 1C).Fig. 2. lola is required cell autonomously for GSC and CySC maintenance: (A) lolaORE7
induction (dpci). Red: Tj, somatic nuclei. Green: Ubi-nls-GFP. Blue: DAPI. Red outline: h
GSC abutting the hub. Yellow arrowheads: lola mutant CySCs next to the hub. Yellow ar
arrow: lola mutant spermatocyte cyst. Scale bar: 20 mm. (B) and (C) Percentage of mos
spermatocyte cyst(s) from 2 to 14 dpci. (D) and (E) Percentage of mosaic testes containin
FRT42D control clones. Blue: lolaORE76 clones. Red: lola5D2 clones. Error bars: standard eSpeciﬁcity of the antibody for Lola was conﬁrmed by staining
mosaic testes containing lola null germline clones. Lola protein
was not detected in germ cell cysts homozygous mutant for lola,
while neighboring heterozygous or wildtype cysts contained
nuclear Lola protein (Fig. 1D).lola is required cell autonomously for GSC maintenance
Clones homozygous mutant for either of two independently
derived, strong loss-of-function lola alleles were induced by FLP/
FRT mediated mitotic recombination (Section 2) and the fate of
marked clones was monitored over time (Fig. 2A). GSCs homo-
zygous mutant for lolawere induced at frequencies comparable to
marked wildtype control GSCs, but they were not maintained
(Fig. 2B). In contrast, the percentage of testes harboring marked
control GSCs remained essentially constant over 2 weeks (Fig. 2B).
Both lolamutant alleles behaved identically in this assay, suggest-
ing that the observed GSC maintenance defect was due to loss of
lola rather than a secondary lesion on the lola mutant chromo-
some arms.6 mosaic testis containing clones marked by absence of GFP at 2 days post clone
ub. Yellow outlines: Examples of GFP negative germline clones. Note lola mutant
rows: lola mutant cyst cells. Red arrowhead: lola mutant spermatogonial cyst. Red
aic testes containing homozygous mutant (B) GSC(s) or (C) spermatogonia and/or
g homozygous mutant (D) CySCs or (E) cyst cell(s) from 2 to 5 dpci. (B)–(E): Black:
rror of the mean. nZ75 testes per genotype, per time point.
Table 2
Inducible RNAi knock-down of lola in early germ cells elicits GSC loss. Live testis squashes were scored by
phase contrast microscopy. n¼number of testes scored.
Percentage of testes scored
Elongated, coiled
morphology
Round
morphology
Devoid of early
germ cells
nos-Gal4 driver alone (n¼18) 100 0 0
pan lola hairpin alone (n¼69) 94.2 5.8 0
pan lola knock-down (n¼80) 83.4 16.6 26.3
lola-B hairpin alone (n¼53) 100 0 0
lola-B knock-down (n¼76) 0 100 100
lola-L hairpin alone (n¼74) 98.6 1.4 0
lola-L knock-down (n¼89) 100 0 53.9
E.L. Davies et al. / Developmental Biology 373 (2013) 310–321314GSCs mutant for lola initiated differentiation, since marked
germ cell cysts homozygous mutant for lola were observed
at both the spermatogonial and spermatocyte stages (Fig. 2A).
The percentage of testes containing differentiating germline
clones mutant for lola declined over time, subsequent to and
presumably as a consequence of the reduction in lolamutant GSCs
(Fig. 2C). Consistent with the hypothesis that loss of lola was not
cell lethal, none of the lola5D2 homozygous mutant GSCs (n¼10),
lolaORE76 homozygous mutant GSCs (n¼17), or marked control
FRT42D GSCs (n¼25) scored were positive for TUNEL staining at 3
days post clone induction (dpci).
Co-expression of UAS-Dcr-2 and UAS-dsRNA hairpins comple-
mentary to the lola common domain under control of nos-Gal4
also elicited GSC loss (Table 2). To evaluate efﬁcacy of the knock-
down, pan-lola knock-down and hairpin alone testes were stained
with antibodies raised against the common N-terminal domain of
Lola and antibodies against the somatic cell marker Trafﬁc Jam (Tj).
Pan-Lola immunostaining was undetectable in GSCs and sperma-
togonia in pan-lola knock-down testes (31/31 testes scored),
while Pan-Lola staining in the hub, CySCs and cysts cells remained
unchanged, as judged by colocalization with Tj (31/31 testes
scored; Supplementary Fig. 1A). However, Pan-Lola staining in
spermatocytes was detectable in 10/31 of the pan-lola knock-
down testes, a result likely explained by poor expression or
driving ability of the nos-Gal4VP16 driver in primary spermato-
cytes. In contrast, Pan Lola staining was detected throughout the
germline and in somatic cell nuclei in all of the hairpin alone
testes scored (n¼19 testes; Supplementary Fig. 1B). These data
suggest that GSCs made homozygous mutant for lola by mitotic
recombination are not likely to be lost due to cell competition
with adjacent heterozygous or homozygous wildtype GSCs.
Clonal analysis revealed that lola may inﬂuence CySC main-
tenance cell autonomously, although even marked control CySCs
appeared to have a shorter half life than control GSCs in our
experiments. Mosaic testes costained with anti-GFP and the
somatic nuclear marker Trafﬁc Jam (Tj) were scored at 2 and 5
dpci for the presence of homozygous mutant CySCs and cyst cells
(see Section 2). Far fewer lola mutant CySCs were observed than
control CySCs at 2 dpci, and the number of lola mutant CySCs
decreased further with time (Fig. 2D). Since perdurance of the
nuclear Ubi-GFP clonal marker precluded scoring at time points
earlier than 2 dpci, CySC clone induction frequencies were
inferred from the percentage of testes harboring marked lola
mutant or wildtype control cyst cells at 2 dpci. Cyst cells arise
directly from CySC divisions, and normally do not undergo transit
ampliﬁcation divisions. The percentage of testes with homozy-
gous mutant cyst cells at 2 dpci was similar for both lola alleles
tested and the control FRT42D chromosome (Fig. 2E), suggesting
that lola mutant CySCs were induced and were rapidly lost to
differentiation.lola likely acts in parallel to the JAK-STAT pathway in the testis
stem cell niche. In wildtype testes, STAT protein is enriched in
GSCs and their immediate progeny, and is not detected in
differentiating spermatogonia (Boyle et al., 2007; Issigonis et al.,
2009; Leatherman and Dinardo, 2008). Accumulation of STAT
protein in GSCs and CySCs is thought to be a read-out of JAK-STAT
pathway activation in these cells. STAT was detected in 100% of
the lolaORE76 null mutant GSCs scored at 3 dpci (n¼30), suggesting
that lola is not required for stat92E transcription or maintenance
of STAT protein production in GSCs (Fig. 3A). Furthermore,
equivalent levels of Zfh-1 protein, a STAT target highly expressed
in CySCs (Leatherman and Dinardo, 2008), were observed in
lolaORE76 mutant CySCs and neighboring CySCs wildtype for lola
function at 2 dpci (n¼32 lolaORE76 CySCs scored) (Fig. 3B), sug-
gesting that lola is not required for STAT signal transduction in
CySCs. Likewise, lola does not appear to be a direct downstream
target of activated STAT in GSCs or CySCs. Chromatin immuno-
precipitation experiments were performed on upd over-
expressing testes lysates using antibodies against Drosophila
STAT, followed by qPCR using primers that spanned predicted
STAT consensus binding sites in the lola locus. In three indepen-
dent experiments, activated STAT was not enriched at predicted
target sites in the lola locus relative to non-target sites in a
housekeeping gene (data not shown).
Expression of one or more lola isoforms is likely to be TGF-ß
independent in GSCs. Previous studies showed that activation of
the TGF-ß pathway is required cell-autonomously in germ cells
for GSC maintenance (Kawase et al., 2004; Schulz et al., 2004;
Shivdasani and Ingham, 2003). Immunostaining with pan Lola
antibody was performed on mosaic testes containing germline
clones homozygous mutant for strong loss-of-function alleles of
either the Type 1 receptor tkv or the Smad homolog mad at
3 dpci. Lola protein was detected in the nuclei of GSCs homo-
zygous mutant for either tkv (n¼13 tkva12 homozygous mutant
GSCs scored) or mad (n¼22 mad1–2 homozygous mutant GSCs
scored; n¼13 mad82 homozygous mutant GSCs scored) (Fig. 3C
and D).
lola and the onset of spermatocyte differentiation
lola was required cell autonomously in spermatogonia for
proper timing of the switch to spermatocyte fate. In Drosophila
melanogaster, the Gb undergoes exactly 4 rounds of transit
ampliﬁcation division, producing 16 interconnected germ cells
that together exit mitosis and initiate the spermatocyte program
of cell growth and meiosis (Fig. 1A). While spermatogonial cysts
wildtype for lola function always executed 4 rounds of mitosis
prior to adopting primary spermatocyte fate, lola mutant sperma-
togonial cysts frequently underwent 5 or more mitotic ampliﬁca-
tion divisions, forming cysts with 32 or more germ cells (Fig. 4A).
Fig. 3. lola likely acts in parallel to the JAK-STAT and TGF-ß pathways: (A) lolaORE76 mosaic testis stained with antibodies against STAT. Red: STAT. Green: Ubi-nls-GFP.
Blue: DAPI. Red outline: hub. Yellow outlines: homozygous mutant GSC clones. Yellow arrowheads: GSCs positive for STAT. (B) lolaORE76 mosaic testis stained with
antibodies against Zfh-1. Red: Zfh-1. Green: Ubi-nls-GFP. Blue: Tj. Red outline: hub. Yellow outlines: homozygous mutant CySC clones. Yellow arrowheads: CySCs
expressing Zfh-1. (A) and (B) Scale bars: 15 mm. (C) and (D) tkva12 (C) andmad82, (D) mosaic testes at 3 dpci stained with pan Lola antibody. Red: Lola. Green: Ubi-nls-GFP.
Red outline: hub. Yellow outlines: tkva12 (C) and mad82 (D) homozygous mutant GSCs and spermatogonial cysts. (C) and (D) Scale bars: 20 mm.
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null cysts than in cysts homozygous mutant for lola5D2, a strong
hypomorphic allele (Giniger et al., 1994). Germ cell cysts homo-
zygous for lola5D2 usually transitioned to spermatocyte fate after 5
rounds of division, and the cells often adopted the large size and
morphological characteristics of spermatocytes (Fig. 4A and C). In
contrast, most lolaORE76 null germ cell cysts underwent more than
5 rounds of mitosis, resulting in marked clones ﬁlled with small
cells that most closely resembled spermatogonia or very early
spermatocytes (Fig. 4A and D).
The over-proliferation of lola mutant spermatogonia may be
due to more rapid cell cycle progression of germ cells in lola
mutant cysts than controls. Double pulse labeling experiments
indicated that lola may slow cell cycle progression in transit
amplifying spermatogonia. Mosaic testes containing lolaORE76 nullclones were pulse labeled with the S-phase analog bromodeox-
yuridine (BrdU) for 15 min, chased in insect cell culture medium
for 7 h, and subsequently labeled with EdU for 5 min prior to
ﬁxation and analog detection as described in Insco et al. (2009).
Previous studies suggest that the spermatogonial cell cycle lasts
longer than 7 h (Insco et al., 2009). EdU-positive germ cell cysts,
which were in S-phase at the time of ﬁxation, were scored for
BrdU co-labeling. Cysts double positive for BrdU and EdU likely
underwent 2 rounds of S-phase during the pulse labeling experi-
ment. None of the EdU-positive cysts wildtype for lola function
was positive for BrdU, suggesting that the scored cysts underwent
1 round of S-phase during the experiment (0/30 BrdUþEdUþ
control cysts (n¼30 EdUþcysts)). In contrast, 20.8% of the
lolaORE76 mutant cysts were double positive for BrdU and EdU,
suggesting that these cysts likely underwent two rounds of
Fig. 4. lola is required cell autonomously in the germline to restrict transit ampliﬁca-
tion divisions: (A) Percentage of homozygous mutant germ cell cysts in the sperma-
tocyte region of the testis with 16, 32, or greater than 32 germ cells per cyst. Black:
FRT42D wildtype control clones. Red: lola5D2 clones. Blue: lolaORE76 clones. n¼100 cysts
in the spermatocyte region per genotype at 4–6 dpci. (B)–(D): FRT42D control (B),
lola5D2 (C), and lolaORE76 (D) homozygous germline clones (yellow outlines). Gray: phase
contrast. Green: Ubi-nls-GFP clonal marker. (B) FRT42D spermatocyte cyst containing
16 germ cell nuclei (15 visible in focal plane). (C) lola5D2 spermatocyte cyst containing
32 germ cell nuclei (31 visible in focal plane), with size and morphology characteristic
of spermatocytes. (D) lolaORE76 spermatocyte cyst containing more than 32 small germ
cell nuclei. Scale bars: 20 mm.
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EdUþ lolaORE76 spermatogonial cysts (n¼24 EdUþcysts)). This
result suggests that lolaORE76 spermatogonial cysts cycled fasterthan control cysts wildtype for lola function (p¼0.013, Fisher’s
Exact Test).
Previous studies suggest that both cell cycle length and the
accumulation of the differentiation regulator Bam affect the
number of transit amplifying divisions that spermatogonia
undergo before committing to terminal differentiation (Insco
et al., 2009). In wildtype testes, Bam protein begins to accumulate
in 4-cell spermatogonial cysts (Insco et al., 2009). The counting
defect in lolaORE76 null cysts was not due to a failure to produce
Bam, since Bam protein was detected beginning at the 4-cell stage
in lolaORE76 spermatogonia (4/4 four cell lolaORE76 mutant cysts
were Bam positive, n¼18 testes).
lola is required prior to initiation of the aly/tMAC and tTAF
spermatocyte-speciﬁc gene expression program
Male germ cell cysts null mutant for lola died soon after
transitioning to the spermatocyte differentiation program, after
down-regulation of Bam protein but prior to the extensive
increase in spermatocyte nuclear size and the production of the
spermatocyte-speciﬁc marker Sa. In wildtype testes Bam protein
production reaches a threshold in 8-cell cysts, triggering a cell
fate change that results in rapid down-regulation of Bam levels in
16-cell cysts (Insco et al., 2009). Bam protein was not detected in
3/16 16-cell lolaORE76 mutant cysts and 10/13 416-cell lolaORE76
mutant cysts (n¼18 testes) (Fig. 5A), suggesting that Bam protein
levels were downregulated appropriately in lola mutant clones as
they initiated the transition to spermatocyte fate.
In the overwhelming majority of lolaORE76 null cysts observed,
the germ cells neither grew substantially in size nor adopted
morphological characteristics of mature spermatocytes. Wildtype
mature spermatocytes have large phase light nuclei in which the
partially condensed autosomal bivalents form crescent shaped
structures near the nuclear periphery (Fig. 5B). lolaORE76 null cysts
commonly contained many small germ cells with diffuse chro-
matin spread throughout nuclei as in spermatogonia or very early
spermatocyte cysts (Fig. 5C), even in germ cells where Bam
protein was not detected (Fig. 5A).
The testis TAFs (tTAFs) and tMAC complex, cell-type speciﬁc
homologs of transcriptional control machinery expressed in
young spermatocytes, control expression of many genes involved
in meiotic cell cycle progression and spermatid differentiation
(Hiller et al., 2001, 2004; White-Cooper et al., 2000). In males null
mutant for either the tTAF, sa, or the tMAC component, aly,
mature spermatocytes with characteristically large nuclei and
crescent shaped, partially condensed autosomal bivalents form,
but they arrest just prior to the G2/M transition of meiosis I when
the partially condensed chromosomes have begun to round up
and move inward from the nuclear periphery (Lin et al., 1996)
(Fig. 5D and E). In contrast, male germ cell cysts null mutant for
lolaORE76 remained small, and did not undergo an extensive
increase in spermatocyte nuclear size. Sa protein was not
detected in lolaORE76 mutant spermatocyte cysts (n¼17 lolaORE76
homozygous mutant germ cell cysts scored), while spermatocyte
cysts wildtype for lola function displayed prominent Sa immu-
nostaining in nucleoli and on chromatin (Fig. 5F). In summary,
germ cell cysts null mutant for lolaORE76 likely die shortly after the
spermatogonia to spermatocyte transition, after the down-
regulation of Bam protein but prior to the increase in cell size
and formation of testis-speciﬁc complexes that coordinate the
meiotic division program and spermiogenesis.
Additional evidence that lola function is required in germ cells
for normal meiotic cell cycle progression and spermiogenesis
came from analysis of germ cells homozygous mutant for
the hypomorphic lola5D2 allele, which displayed less severe
defects than lolaORE76 null mutant germ cells. At 4 to 6 dpci,
Fig. 5. lola mutant spermatogonia execute the switch to spermatocyte fate: (A) lolaORE76 mosaic testis stained with anti-Bam. Red: Bam. Green: Ubi-nls-GFP. Blue: DAPI.
Yellow outlines: homozygous mutant germline clones. Arrowhead: lolaORE76 spermatogonia with Bam expressed. Arrow: lolaORE76 cyst in the spermatocyte region lacking
Bam. Scale bar: 40 mm. (B)–(E): Live squash preparations stained with Hoechst, showing spermatocytes from (B) y-w-, (C) lolaORE76 mosaic, (D) aly, (E) sa testes. Phase
contrast (left) and corresponding ﬂuorescent images (right). Yellow outline in (C) homozygous mutant lolaORE76 cyst. (F) lolaORE76 mosaic testis stained with anti-Sa. Red: Sa.
Green: pan Lola. Blue: DAPI. Outline: lolaORE76 mutant germ cell cyst. B-F: Scale bars: 20 mm.
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cell cysts and cysts homozygous mutant for lolaORE76 or lola5D2 in
the spermatocyte region (Fig. 6A). However, the percentage of
testes containing marked spermatid cysts homozygous mutant
for lolaORE76 or lola5D2 was markedly lower than that observed for
marked wildtype control cysts (Fig. 6A). Mosaic testes containing
lolaORE76 null cysts often had one or more large clusters of
refractile cell corpses amongst the spermatocyte cysts, suggesting
that lolaORE76 cysts die without undergoing spermatocyte matura-
tion, meiosis or terminal differentiation (Fig. 6B). In contrast,
germ cells homozygous mutant for the lola5D2 hypomorphic allele
usually grew as large as wildtype spermatocytes, but the cysts
typically degenerated without undergoing meiotic divisions
(Fig. 6C). Wildtype post-meiotic cysts at the ‘‘onion’’ round
spermatid stage consistently have 64 equally sized haploid nuclei,each paired with a phase dark mitochondrial derivative which
elongates as the spermatids mature (Fig. 6D). Although rare,
when lola5D2 homozygous mutant spermatid cysts were observed,
spermiogenesis was always defective (Fig. 6E). Onion-stage
spermatids homozygous mutant for the lola5D2 hypomorphic
allele displayed either 2 or 4 nuclei of equivalent size per
mitochondrial derivative, indicating failure of one or both meiotic
divisions, and showed no overt signs of spermatid elongation
(Fig. 6E).
Cell-intrinsic requirements for lola in the male GSC lineage may be
due to activity of several different lola isoforms
RT-PCR experiments using primers that spanned the splice junc-
tion between the lola common domain and each isoform-speciﬁc
Fig. 6. lola is required for progression through the meiotic divisions and spermiogenesis: (A) Percentage of testes with pre-meiotic or post-meiotic control or homozygous
mutant germ cell cysts at 4–6 dpci. Black: FRT42D wildtype control. Red: lola5D2 hypomorph. Blue: lolaORE76 null. (B)–(E) Live squash preparations of a lolaORE76 (B), lola5D2
(C) and (E) and FRT42D (D) mosaic testes. Grayscale: phase contrast. Green: Ubi-nls-GFP. Yellow outlines (B)–(E) cysts homozygous mutant for lola (B, C, E) or FRT42D (D).
(B) Red outlines: corpses of presumptive lolaORE76 mutant germline cysts. (C) Cyst of degenerating lola5D2 homozygous mutant spermatocytes. (D) FRT42D control
spermatid cyst. Each haploid nucleus (white) associated with a mitochondrial derivative (phase dark). (E) lola5D2 homozygous mutant spermatid cyst. Yellow arrowheads:
Two or more nuclei (white) were associated with an individual, enlarged mitochondrial derivative (phase dark), indicating failure of one or both meiotic divisions. Scale
bars: 20 mm.
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were expressed in both wildtype testes and upd over-expressing
testes, which are highly enriched for cells that most closely
resemble GSCs and CySCs (data not shown). Clonal analysis using
isoform-speciﬁc, loss-of-function alleles for lola-K and lola-L
indicated that these isoforms are required for different aspects
of lola function in spermatogonia and spermatocytes. Likewise,
the effects of inducible, isoform-speciﬁc RNAi knock-downs in
early germ cells suggested that different requirements exist for
lola-B, N, and P.
Both lola-K and lola-Lwere required cell autonomously for GSC
maintenance. GSC clones homozygous mutant for either lola-K or
lola-L were induced at frequencies comparable to control GSC
clones, but the mutant GSCs were not maintained over time
(Fig. 7A). lola-L mutant GSCs behaved similarly to lolaORE76 null
GSCs, whereas lola-Kmutant GSCs exhibited a less severe GSC loss
phenotype (Fig. 7A). GSCs mutant for either lola-K or lola-L were
lost to differentiation. lola-K mutant cysts were observed at the
spermatogonial and spermtatocyte stages, while lola-L mutant
cysts were observed at the spermatogonial stages and far from
the apical tip of the testis in the spermatocyte region. None
of the lola-K or lola-L mutant GSCs scored was positive for
TUNEL staining (n¼17 lolaORC4 mutant GSCS; n¼12 lolaORE119
mutant GSCs). The percentage of testes containing differentiating
germline clones mutant for lola-K or lola-L declined over time,
as expected from the reduction in homozygous mutant GSCs
(Fig. 7B).Although lola-L mutant CySCs were lost to differentiation as
rapidly as lolaORE76 null mutants, the lola-K speciﬁc mutation did
not cause appreciable loss of CySCs in somatic cell clones (Fig. 7C).
Clone induction frequencies in the CySC lineage were comparable
for lola-L, lola-K and controls, as assayed by the percentage of
mosaic testes harboring marked cyst cell clones at two dpci
(Fig. 7D). However, far fewer lola-L mutant CySCs were detected
at two dpci than control CySCs, and the trend worsened with time
(Fig. 7C). In contrast, lola-K mutant CySCs were maintained over
time (Fig. 7C).
The requirements for lola-K and lola-L in differentiating germ
cells also appeared to be distinct. lola-L mutant spermatogonial
cysts frequently underwent more than four rounds of mitosis,
producing cysts of 32 or more small germ cells resembling late
spermatogonia or early spermatocytes, similar in appearance to
lolaORE76 null cysts (Fig. 7E). In contrast, lola-K mutant cysts
always executed four rounds of transit amplifying division,
producing cysts that contained 16 mature spermatocytes
(Fig. 7E). lola-L was also required cell autonomously in sperma-
tocytes for the meiotic divisions and spermiogenesis (Fig. 7F),
whereas lola-K was seemingly dispensable for meiosis and sper-
matid differentiation (Fig. 7F). Taken together, the lola-L mutant
phenotype mimicked the lolaORE76 null phenotype in all respects,
suggesting that lola-L activity was required throughout the male
GSC lineage. In contrast, lola-K activity was solely required for
GSC maintenance. RNA in situ hybridization experiments with
probes complementary to the K and L speciﬁc exons showed that
Fig. 7. Requirements for lola-K and lola-L differ in the testis: (A) and (B) Percentage of mosaic testes containing homozygous mutant or marked control (A) GSCs or (B)
spermatogonial and/or spermatocyte cyst(s) from 2 to 14 dpci. (C) and (D) Percentage of mosaic testes containing homozygous mutant or marked control (C) CySC(s) or (D)
cyst cell(s) from 2 to 5 dpci. (E) Percentage of homozygous mutant or marked control or germline cysts in the spermatocyte region with 16, 32, or greater than 32 germ
cells per cyst. n¼100 cysts scored per genotype at 4–6 dpci. (F) Percentage of mosaic testes containing homozygous mutant or marked control cyst(s) in the spermatocyte
region or post-meiotic spermatid cyst(s) at 4–6 dpci. (A)–(F): Black: FRT42D wildtype control clones. Magenta: lolaORC4 (K-speciﬁc) clones. Turquoise: lolaORE119 (L-speciﬁc)
clones. Blue: lolaORE76 (null) clones. (G) and (H) In situ hybridization on wildtype testes with riboprobes complementary to the (G) lola-K speciﬁc exons and (H) lola-L
speciﬁc exon. Left: Anti-sense probe. Right: Sense probe. Asterisks: Apical tip. Stained structures in sense testes are trachea.
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tion center and primary spermatocytes (Fig. 7G and H). The
comparatively weak phenotype seen in lola-K mutant clones
may be due to redundancy with lola-T, since the C2HC-C2H2 zinc
ﬁnger domains in Lola-K and Lola-T are 80% identical and the
residues predicted to contact DNA are the same in both isoforms
(Goeke et al., 2003). Alternatively, lola-K may be less essential
than lola-L in differentiating male germ cells.
Isoform-speciﬁc RNAi knock-downs in early germ cells sup-
ported the conclusion that different isoforms may be required
for speciﬁc aspects of lola function during spermatogenesis.
Co-expression of UAS-Dcr-2 and UAS-dsRNA hairpins complemen-
tary to the lola-L speciﬁc coding sequence under control of nos-
Gal4 also elicited GSC loss, suggesting that the GSC maintenance
defect observed for lola-L mutant clones was indeed due to loss of
lola-L function (Table 2). Germline speciﬁc knock-down of lola-L
altered the number of transit amplifying divisions, producingmature spermatocyte cysts that contained more than 16 germ
cells (Table 2), and caused degeneration of mature spermatocyte
cysts prior to the G2/M transition of meiosis I (data not shown).
As expected, the lola-L speciﬁc knock-down phenotypes were
similar but less severe than those observed in homozygous
mutant lola-L germline clones. lola-B knock-down in early germ
cells produced small, round testes devoid of germ cells, suggest-
ing that lola-B is required for GSC maintenance or germ cell
survival (Table 2). In contrast, control testes lacking either the
nos-Gal4 driver or the UAS-lola-B RNAi hairpins contained germ
cells at all stages of development, and were normal in appearance
(Table 2). RNAi knock-downs of isoforms N and P produced
mature spermatocyte cysts with greater than 16 cells (Table 3),
suggesting that each variant was required in spermatogonia for
the correct number of transit ampliﬁcation divisions. Based on
analysis of cell number in isolated, intact cysts containing mature
spermatocytes, 74% of spermatogonial cysts in lola-N knock-down
Table 3
lola is required in the germline for the correct number of transit amplifying divisions. Live preparations of intact, mature spermatocyte cysts were
scored by phase contrast microscopy (see Section 2). n¼number of spermatocyte cysts scored.
Percentage of mature primary spermatocyte cysts containing
8 cells per cyst 16 cells per cyst 32 cells per cyst 432 cells per cyst Other (cell count not
a multiple of 2n)
nos-Gal4 alone (n¼45) 0 97.8 0 0 2.2
pan lola hairpin alone (n¼57) 0 98.1 0 0 1.9
pan lola knock-down (n¼53) 1.9 13.2 58.5 1.9 24.5
lola-L hairpin alone (n¼57) 0 98.3 0 0 1.7
lola-L knock-down (n¼57) 0 56.1 29.9 3.5 10.5
lola-N hairpin alone (n¼56) 0 100 0 0 0
lola-N knock-down (n¼58) 0 17.3 74.1 0 8.6
lola-P hairpin alone (n¼70) 0 97.1 0 0 2.9
lola-P knock-down (n¼56) 0 73.2 10.7 1.8 14.3
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testes underwent ﬁve rounds of mitotic ampliﬁcation division
prior to transitioning to spermatocyte fate. In contrast, control
testes lacking either the nos-Gal4 driver or the UAS-dsRNA hair-
pins always transitioned to the spermatocyte stage after exactly
four rounds of mitosis (Table 3).Conclusions
lola, a gene encoding a family of BTB-ZF transcriptional
regulators, is a cell-intrinsic regulator of stem cell state in the
testis: GSCs and CySCs homozygous mutant for lola detach from
the hub and initiate differentiation. GSCs homozygous mutant for
lola are not likely to be lost due to a defect in cell competition
with adjacent heterozygous and/or homozygous wildtype GSCs,
since pan-lola knock-down in early germ cells also induced GSC
loss. In addition, lola is required for several key transitions as cells
in the male GSC lineage differentiate. Upon exiting the niche, lola
mutant spermatogonia frequently undergo one or more ectopic
rounds of mitotic transit ampliﬁcation division prior to making
the cell fate transition from the spermatogonia to spermatocyte
state. lola activity may regulate the proliferation rate of transit
amplifying spermatogonia, since lola mutant spermatogonial
cysts cycled faster than control cysts wildtype for lola function.
The shorter cell cycle time in lola mutant germ cell cysts may
allow extra round(s) of mitotic division before Bam protein
reaches a critical threshold that triggers the switch to spermato-
cyte fate (Insco et al., 2009). lola null germ cells likely initiate the
switch to spermatocyte fate, as cysts of small germ cells that no
longer express Bam protein accumulated in the basal region of
mosaic testes. However, most lola mutant cysts did not undergo
the large increase in cell size typical of spermatocytes, failed to
express the tTAF Sa, and ultimately arrested and died prior to
undergoing the meiotic divisions or spermiogenesis. Some lola
isoforms, like lola-L, appear to be required throughout spermato-
genesis, while others, like lola-K, may have stage and/or cell-type
speciﬁc functions.
lola does not appear to act directly in the JAK-STAT signaling
pathway, nor does lola expression appear to be a target of TGF-ß
signaling in GSCs. lolamay play a novel, parallel role, possibly as a
transcriptional regulator of GSC and CySC maintenance. Strikingly
the BTB-ZF protein PLZF, a transcriptional repressor, is required
for maintenance of spermatogonial stem cells in the mouse testis
(Buaas et al., 2004; Costoya et al., 2004). Although many char-
acterized BTB-ZF proteins appear to act as dedicated transcrip-
tional repressors (reviewed in Collins et al., 2001; Kelly and Daniel,
2006), it has been proposed that lola may be a bi-functional
transcriptional regulator, either activating or repressing targetgenes in different contexts (Cavarec et al., 1997; Crowner et al.,
2002; Spletter et al., 2007).
All ﬁve lola isoforms that exhibited a loss-of-function pheno-
type in the testis have tandem C2HC-C2H2 or C2HC-C2HC zinc
ﬁnger motifs (Fig. 1B), raising the possibility that these proteins
may bind DNA directly. C2HC motifs are predicted to be structu-
rally similar to C2H2 domains, and can function either as DNA,
RNA or protein binding domains (Laity et al., 2001). Notably, the
Lola-K homolog from Drosophila hydeii was shown to bind to DNA
directly (Cavarec et al., 1997). A multiple sequence alignment of
the Tramtrack (Ttk) and Lola zinc ﬁnger domains revealed that
surface residues predicted to contact DNA based on the Tramtrack
crystal structure differ for all but two of the Lola isoforms (Goeke
et al., 2003), raising the possibility that Lola homo- and/or
heterodimers may have different consensus DNA binding motifs,
and may regulate distinct sets of target genes. Moreover, at least
four alternate transcription start sites have been identiﬁed for the
lola locus, suggesting a strategy for regulating the relative
abundance and/or combinations of lola isoform(s) in a stage or
cell-type speciﬁc manner (Ohsako et al., 2003). In addition,
protein production for certain Lola isoforms may be subject to
translational control (Maines et al., 2007; E. Davies, W. Joo and M.
Fuller, unpublished observations).
lola may also modify chromatin structure by interacting with
histone modifying enzymes and Polycomb group complexes
(Ferres-Marco et al., 2006; Zhang et al., 2003). Lola-F bound to
the H3S10 kinase JIL-1 in yeast two hybrid assays via sequences in
its isoform-speciﬁc C-terminal domain (Zhang et al., 2003), and a
strong lola loss-of-function mutation dominantly suppressed the
embryonic lethality and hypercondensed chromatin phenotype of
JIL-1 mutants (Zhang et al., 2003). The antagonistic genetic
interaction between JIL-1 and lola suggests that lola may promote
heterochromatin formation, and by extension transcriptional
silencing, since JIL-1 activity is required for maintenance of
euchromatic domains (Zhang et al., 2006). Consistent with these
data, strong lola loss-of-function mutations dominantly enhanced
the Polycomb (Pc) extra sex comb phenotype in adult ﬂies (Ferres-
Marco et al., 2006). Finally, wildtype function of lola was required
for chromatin condensation during programmed cell death in late
stage oogenesis (Bass et al., 2007).
Intriguingly, different requirements exist for lola in spermato-
genesis and oogenesis. In the ovary lola acts as a pro-
differentiation factor, and its expression was repressed in GSCs
and early cystocytes by the transcriptional repressor Stonewall
(Maines et al., 2007). Consistent with these data, clonal analysis
revealed that lola was dispensable for female GSC maintenance
(J. Maines and D. McKearin, personal communication; E. Davies
and M. Fuller, unpublished observations). Bass and colleagues
reported that lola function was required for starvation-induced
E.L. Davies et al. / Developmental Biology 373 (2013) 310–321 321and programmed cell death of the nurse cells during stage 13 of
oogenesis, and demonstrated a role for lola-K in this process (Bass
et al., 2007). Thus lola function is required during late stage
morphogenic events in both the testis and ovary, as loss of lola
elicited developmental arrests in both systems. Differences in the
severity of the lola-K phenotype in the testis and ovary under-
scores the notion that lola isoforms exhibit cell-type speciﬁc and
context-dependent functions during development and tissue
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